Introduction. Several studies have demonstrated that moderate exercise increases genital response to erotic stimuli in women. The increase in genital arousal could be the result of various changes that can occur in response to exercise including changes in hormone levels, neurotransmitter levels, mood, and autonomic nervous system activity. Aim. The present study was an attempt to shed light on two such mechanisms through which exercise enhances sexual arousal. Method. Sixteen participants came into the lab on two separate occasions: during one visit, they filled out questionnaires for 20 minutes, and during the other visit, they exercised on a treadmill for 20 minutes. The questionnaires and exercise were both followed by the presentation of a neutral then erotic film during which the women's physiological sexual arousal was measured. Saliva samples were taken at baseline, prefilm, and postfilm. Main Outcome Measures. Subjective arousal was measured using a self-report questionnaire, and genital arousal was measured by a vaginal photoplethysmograph. Testosterone and a-amylase (a marker of sympathetic nervous system [SNS] activity) were measured via saliva assays. Results. Findings replicated previous studies showing a significant increase in physiological sexual arousal with exercise. There was a significant increase in a-amylase across the study in the exercise condition, but not in the no-exercise condition. There were no differences in testosterone levels between the exercise and no-exercise conditions. Conclusions. SNS activity is one mechanism through which exercise increases genital sexual arousal. Testosterone does not mediate the relationship between exercise and genital sexual arousal. Hamilton LD, Fogle EA, and Meston CM. The roles of testosterone and alpha-amylase in exercise-induced sexual arousal in women. J
Introduction

D
ynamic, cardiovascular exercise has many well-documented health benefits. One of the lesser known benefits is the positive effect of acute exercise on female sexual arousal. In a series of studies, Meston and Gorzalka [1] [2] [3] demonstrated that moderate-intensity exercise increased vaginal blood volume (VBV) and vaginal pulse amplitude (VPA) responses to an erotic film. In the first such study, 35 sexually functional, premenopausal women participated in two counterbalanced conditions: exercise and no-exercise. In the exercise condition, they exercised on a stationary bicycle for 20 minutes at 70% of their VO2 max (maximum volume of oxygen consumed over time during intense full-body exercise). After the exercise, the women watched a film sequence that consisted of a 3-minute neutral film clip followed by a 3-minute erotic film clip. In the no-exercise condition, participants filled out questionnaires and watched a similar film. Both VBV and VPA were significantly higher during the erotic portion of the film in the exercise condition as compared with the no-exercise condition [1] . Using the same experimental paradigm, Meston and Gorzalka replicated the postexercise increase in physiological arousal among sexually functional women and women with low sexual desire, but not among anorgasmic women [2] . A further study examining the effects of exercise at 5-, 15-, and 30-minute postexercise suggested a curvilinear relationship: VPA was significantly increased at 15 minutes, marginally increased at 30 minutes, and decreased at 5-minute postexercise [3] .
In these studies, the authors suggested that exercise was enhancing genital arousal via activation of the sympathetic nervous system (SNS). This assumption was based on the findings that indicate exercise at moderate to high levels increases SNS activity, as measured by heart rate [4] and by catecholamine release [5] . These studies were some of the first to suggest that increased SNS activity may have a facilitatory, as opposed to inhibitory, influence on female sexual arousal. A follow-up study showing that clonidine, an antihypertensive medication that blunts normal SNS responses, blocked the effects of exercise on genital arousal supported the authors' speculation [6] .
There are a number of limitations to the inferences made in these studies however. First, SNS activation was not directly measured; heart rate was used as an indirect marker of SNS activity. Because heart rate declines after exercise, and sexual arousal was measured at postexercise, it is impossible to know whether the SNS was in fact still active, or whether the parasympathetic nervous system (PNS) had become dominant. Second, in addition to increasing SNS activity, exercise affects several other mechanisms that are thought to be involved in sexual arousal. For example, exercise has been shown to increase both dopamine and serotonin in women [7] , and depending on the site of action and the receptor subtype affected, both dopamine and serotonin could have either an inhibitory or facilitatory effect on female sexual arousal (for reviews, see dopamine [8] and serotonin [9] ). In general, adequate levels of both serotonin and dopamine are needed for normal sexual functioning, but it is unclear whether an increase due to exercise would be helpful or harmful to sexual arousal.
Exercise has also been shown to affect a variety of hormones such as testosterone [10, 11] , cortisol [11, 12] , estrogen [10, 13] , prolactin [14] , and oxytocin [15] , which have been linked with sexual arousal in women. For the purposes of the present study, we are particularly interested in the effects of exercise on testosterone. Most studies have found moderate levels of exercise increase plasma testosterone [10, 11] , although some studies have found no change in testosterone from pre-to postexercise [16] . In women, testosterone is most often linked to increased sexual desire and positive mood, but evidence is mounting that testosterone affects the genital tissues as well. Women administered with exogenous androgens show increased genital arousal [17] , although the mechanisms of this change are not well understood [18] . Thus, exercise could exert its positive effects on sexual arousal by increasing testosterone.
Aims
The present study was designed to better elucidate the mechanism(s) by which intense acute exercise enhances genital blood flow in women. The study had two primary goals: (i) to provide a more direct assessment of whether, and to what degree, the SNS is activated with exercise and sexual arousal, and (ii) to examine whether salivary measures of testosterone change with acute exercise and, if so, whether they could account for the exerciseinduced increase in genital engorgement. SNS activation was assessed via salivary measures of a-amylase, a metabolite that is highly correlated with plasma levels of norepinephrine (NE) [19] . Because of its relationship to NE, a-amylase is thought to be a good indicator of adrenergic activity, which is intimately linked to SNS activity. a-Amylase has been shown to increase in response to physical and psychological stress including exercise [20] . Salivary testosterone is highly correlated with plasma free testosterone, the bioavailable form of the hormone [21] .
Method
Participants
Participants were 16 women recruited from a community sample (see Table 1 for detailed demographics). All women had engaged in sexual activity with men in the past month. Prior to their first visit, the participants were screened by telephone to determine their eligibility for participation. Study criteria were as follows: women aged and not yet menopausal; free of sexual problems; free of any drugs or medical conditions or medications that could affect sexual arousal, SNS activity, or testosterone (except hormonal contraceptives, N = 4); and physically able to exercise. These criteria were also confirmed via the self-report questionnaires administered in the laboratory.
Procedures
All procedures were approved by the University of Texas Institutional Review Board. The participants visited the lab for two 90-minute sessions between days 5-10 of their menstrual cycle. All visits took place between 2:00 pm and 6:00 pm to control for diurnal fluctuations in testosterone. One of the laboratory sessions involved 20 minutes of exercise before the film sequence, while the other involved 20 minutes of questionnaires before the film sequence. These two sessions were counterbalanced across the participants. Both sessions began with a female researcher explaining the use of the vaginal photoplethysmograph and the placement of the electrodes for the electrocardiograph (ECG). Following this, the participants were asked to provide the baseline saliva sample.
No-Exercise Condition
In the no-exercise condition, the researcher left the room after requesting the first saliva sample. For the duration of the study, the participants were alone in a locked room, and the researcher communicated with the participants via an intercom.
After providing the first saliva sample, the participants were asked to fill out a series of questionnaires that took approximately 20 minutes to complete. The participants then waited for 10 minutes to provide the second saliva sample. Ten minutes is an adequate time for testosterone changes to register in saliva [22] . The participants then inserted the vaginal photoplethysmograph and attached the ECG electrodes. Once they were comfortable and relaxed, they completed the prefilm film scale and then watched the film sequence. This was followed by the administration of the postfilm film scale. Ten minutes after the end of the film, the participants provided their final saliva sample.
Exercise Condition
In the exercise condition, after collecting the first saliva sample, a researcher took the participants' blood pressure to ensure that it was within a normal range and they would not be put at risk when exercising. The researcher also took the participants' pulse to calculate the target heart rate. Target heart rate was calculated using the Karvonen method, which uses an individual's heart rate reserve in the calculation. The participants were asked to run or walk on a treadmill at their target heart rate (70% of their heart rate reserve) for 20 minutes. After demonstrating how to use the treadmill, the researcher left the room for the duration of the study. The participants wore chest band heart rate monitors that displayed their heart rate on the treadmill as they exercised. The participants adjusted the speed and incline of the treadmill in order to reach and maintain their target heart rate. The participants were told that they needed to reach their target heart rate in 5 minutes and once it was reached, they needed to exercise for 15 minutes at that level. After 20 minutes of exercise, the participants waited for 10 minutes to provide the second saliva sample. The rest of the session proceeded in the same manner as the no-exercise condition.
Materials
Film Sequences
The participants viewed two different 14-minute film sequences that consisted of 1-minute display of the word "relax" on a black screen, 3 minutes of a neutral film (a travel documentary), and 10 minutes of a woman-centered sexual film. The sexual films were drawn from the Female Sexual Psychophysiology Laboratory film library. All films in this library have been standardized in terms of length of different types of sexual scenes (i.e., foreplay, oral sex, and vaginal intercourse), and scenes depicting violence have been edited out. These clips were selected from sexual films produced and directed by women, and are intended to be woman-friendly erotica. 
Demographic Questionnaire
We gathered demographic and medical screening information with a brief questionnaire that asked participants their age, level of education, relationship status, sexual orientation, ethnicity, and length of relationship with their current partner. We also asked them to report any menstrual cycle irregularities, current medication use, and any current medical conditions.
Female Sexual Function Index (FSFI)
To verify that participants were free of sexual problems, we administered the FSFI, a validated 19-item questionnaire designed to assess sexual functioning in women [23] . The FSFI measures sexual functioning in six domains: desire, arousal, lubrication, orgasm, satisfaction, and pain, plus a total score. A clinical cutoff score of 26.55 has been established to reliably discriminate between women with and without sexual dysfunction [24] . All of the participants had scores above the clinical cutoff.
Film Scale
Subjective responses to the erotic film were measured using the film scale, a 41-item questionnaire that examines four areas of subjective response: subjective experience of physiological sexual arousal, mental sexual arousal, positive affect, and negative affect [25] . The participants filled out the film scale immediately before and immediately after watching the film sequence, and the difference from prefilm and postfilm was assessed for each condition.
Main Outcome Measures
Vaginal Photoplethysmograph Genital arousal in response to the neutral and erotic films was measured using a vaginal photoplethysmograph [26] . VPA was our measure of interest, and it was sampled 80 times/second. Results were measured in millivolts (mV). VPA was acquired using the software program AcqKnowledge III, Version 3.7.3 (BIOPAC Systems, Inc., Santa Barbara, CA, USA) and a Model MP100WS data acquisition unit (BIOPAC Systems, Inc.) for analog/digital conversion. VPA data were reduced by calculating the total change in amplitude for each pulse wave. This was carried out by finding the peak and nadir for each pulse wave and computing the differences between the two to get the VPA for each pulse wave. Artifacts in the data were identified visually by the researcher and were removed manually. VPAs were averaged across the neutral portion of the film and the erotic portion of the film.
ECG
Heart rate was measured via ECG, which consists of three disposable electrodes that are attached to the participant's body (upper right chest, lower left chest, and right ankle) and connected by cables to a BIOPAC Systems ECG100 module. The signal from the ECG100 module was recorded in real time using the AcqKnowledge software program. Heart rate data were calculated by finding the time change between each peak, inverting it, and multiplying it by 60 to determine the beats per minute (bpm).
Saliva Samples
Salivary assays are a relatively un-invasive way to examine biomarkers of interest that are often measured in blood. Although testosterone in saliva is not an accurate way to measure androgens for clinical diagnoses, it is appropriate for examining within-person changes among healthy women [27] . In this case, the objective levels of testosterone in the blood are not necessary because each women is her own control. The participants salivated without stimulation (e.g., gum) directly into untreated, polystyrene centrifuge tubes. Samples were frozen at -20°C until assay, at which point they were thawed and centrifuged for 10 minutes at 3,000 rpm (Salimetrics, State College, PA, USA). Testosterone and a-amylase assays were performed in-house using kits purchased from Salimetrics. All assays were run in duplicate. a-Amylase was measured via an enzymatic reaction; inter-assay C.V. was 6.34%, and intra-assay C.V. was 2.43%. Testosterone was measured via enzyme immunoassay; inter-assay C.V. was 8.43%, and intra-assay C.V. was 3.22%.
Data Analysis
Participants who showed a decrease in VPA from the neutral to erotic segments (N = 1) were excluded from the data analysis. All data were analyzed using SPSS Version 15.0 (SPSS Inc., Chicago, IL, USA). Because VPA raw data were not comparable across participants, in order to standardize scores for comparison across participants, we calculated the percent change over baseline for each participant's VPA data. All other data analyses were conducted on raw scores.
Overall effects were tested using repeated measures analysis of variance (anova) or t-tests where appropriate.
Results
VPA
The mean percentage increase between neutral and erotic films for the no-exercise condition was 35.15% (SD = 44.54), which was a significant increase, t (14) = 3.06, P = 0.009. The mean percentage increase between neutral and erotic films for the exercise condition was 55.94% (SD = 32.36), which was also a significant increase, t (12) = 6.69, P < 0.001. These findings indicate the erotic films were effective in enhancing genital arousal. A repeated measures anova was conducted on the VPA percent change scores with exercise/ no-exercise condition as the within-subjects variable. Exercise led to a significantly larger percent increase in VPA compared with the no-exercise condition, F (1, 14) = 7.286, P = 0.02, indicating that the women had higher levels of genital arousal after exercise exposure.
Heart Rate
In the no-exercise condition, during the film sequence, the participants' mean heart rate was 73.68 bpm (SD = 5.13) while watching the film sequence. The mean heart rate during the film sequence in the exercise condition was 87.44 (SD = 7.62). Results from a repeated measures anova with condition as the within-subjects variable indicated that heart rate in the exercise condition was significantly higher than in the no-exercise condition, F (1, 14) = 4.65, P = 0.03.
a-Amylase a-Amylase values were entered into a 2 ¥ 3 (condition ¥ time) repeated measures anova. There was no significant main effect for condition, F (1, 14) = 0.17, P = 0.69, or time, F (2, 28) = 2.78, P = 0.11, but there was a significant interaction, F (2, 28) = 6.01, P = 0.02. Post hoc repeated measures anova revealed that the change in a-amylase over time was significant for the exercise condition, F (2, 28) = 6.27, P = 0.02, but not for the no-exercise condition, F (2, 28) = 0.16, P = 0.74 ( Figure 1 ). These results show that exercise increases a-amylase, a marker of SNS activity, and that it stays elevated after the erotic stimuli.
Testosterone
Three participants had at least one salivary testosterone value that was too low to be measured by our assay, so they were excluded from these analyses. Salivary testosterone values were entered into a 2 ¥ 3 (condition ¥ time) repeated measures anova. There was no significant main effect for condition, F (1, 11) = 0.084, P = 0.78, or time, F (2, 22) = 0.52, P = 0.6, nor was there an interaction, F (2, 22) = 0.02, P = 0.97, between the two variables. There were no changes in salivary testosterone levels over the course of the study, and there were no differences in testosterone levels between the exercise and no-exercise conditions (Figure 2 ).
Subjective Measures
Each of the four subscales of the film scale (physiological sexual arousal, mental sexual arousal, positive affect, and negative affect) were entered into a repeated measures anova to determine if there was a change from prefilm to postfilm, and if there were differences between the exercise and no-exercise conditions. There were significant increases over the course of the film in subjective There were no changes in testosterone over the course of the study, nor were there any differences between the exercise and no-exercise conditions. ratings of physiological arousal, F (1, 13) = 36.76, P < 0.001, mental sexual arousal, F (1, 13) = 42.47, P < 0.001, and positive affect, F (1, 13) = 19.99, P < 0.001. There was no change in negative affect between conditions, F (1, 13) = 0.18, P = 0.67. These findings indicate the erotic films were effective in enhancing sexual arousal and positive but not negative mood. There were no significant differences between the exercise and no-exercise conditions in ratings of physiological sexual arousal, F (1, 14) = 0.08, P = 0.77, mental sexual arousal, F (1, 13) = 1.34, P = 0.27, positive affect, F (1, 14) = 0.71, P = 0.41, or negative affect, F (1, 14) = 0.12, P = 0.73.
Discussion
This study replicated previous studies [1] [2] [3] , indicating intense acute exercise enhances physiological but not subjective sexual arousal in women. Our finding that there was no significant differences in subjective ratings of sexual arousal or mood between the exercise and no-exercise conditions supports the notion that exercise increases genital sexual arousal via physiological mechanisms, as opposed to feedback from cognitive arousal or alterations in mood that may have been a consequence of exercise. The findings from this study extended past research of this nature by examining two of the mechanisms through which exercise could feasibly be enhancing genital engorgement in women-SNS activation and changes in testosterone. a-Amylase increased in response to exercise, and stayed elevated when measured 10 minutes after the erotic film, indicating that the SNS was still active during the erotic film. It appears that the increased SNS activity caused by exercise persists after the exercise is over, providing evidence that increased SNS activity is one feasible explanation for the increase in genital arousal reported in the literature. This information extends findings from previous studies that used heart rate as an indicator of SNS activity in that a-amylase is a more direct and reliable indicator of SNS. a-Amylase did not significantly change across the no-exercise condition, indicating that a visual erotic stimulus alone is not enough to significantly increase SNS activity. Although the SNS and PNS often increase and decrease their activity in opposition to one another, it is possible that they can also be active simultaneously. Unfortunately, a-amylase does not tell us if whether or not the PNS is active during the arousal phase of the female sexual response, thus, the findings do not rule out the potential additive influence of the PNS.
Contrary to predictions, testosterone did not increase in response to exercise or to the erotic film. Testosterone remained stable across all three time points for both the exercise and no-exercise conditions, and there were no differences between the conditions. Although testosterone often increases in response to exercise, it is not always the case [16] , and at least one previous study has found that sexual stimuli does not increase plasma testosterone in women [28] . In the present study, testosterone response to the erotic films did not differ significantly between the exercise and no-exercise conditions, indicating a free testosterone is not playing a role in the increased genital arousal seen after exercise.
It should be noted that a small percentage of women in this study were currently using hormonal contraceptives, which are known to elevate levels of sex hormone binding globulin and lower levels of free testosterone [29] . However, because the study used a within-subjects design and the participants served as their own controls, any differences in testosterone likely would have been present in both experimental conditions. Moreover, post hoc analyses indicated that baseline testosterone levels did not significantly differ between the four women on hormonal contraceptives and the 12 women who were not on oral contraceptives, t (15) = 1.23, P = 0.32.
Salivary testosterone is a reflection of the level of bioavailable testosterone in the body, but other androgens can also play a similar role to testosterone. The fact that we saw no change in testosterone in this study does not rule out the possibility that another androgen, such as dehydroepiandrosterone, is contributing to the increased genital arousal.
Other non-androgenic hormones that are related to both exercise and sexual arousal could also feasibly contribute to the exercise-induced enhancement of sexual arousal. For example, cortisol may be altered by exercise, but the direction of the change is still under debate as some studies find an increase in cortisol from pre-to postexercise [12] , and some find a decrease [11] . If cortisol was to increase during exercise, it would likely have a negative effect on sexual arousal, given cortisol declines during sexual arousal [28] .
Estrogen has been shown to increase after acute exercise [10] , but decrease in response to longterm physical activity [13] . Estrogens in the peripheral nervous system are critical for the maintenance of vaginal tissue function and structure [18] , and estrogen deficiency has been linked to various vaginal problems including reduced or delayed lubrication, reduced vaginal blood flow, and increased dyspareunia [30] . Studies in humans focus on the genomic effects of estrogen in the peripheral nervous system, but evidence is accumulating in animal research that the rapid effects of estrogen in the central nervous system (CNS) play a role in priming the CNS for arousability [31] .
Oxytocin has been shown to increase in response to exercise in men [15] . Although orgasm and oxytocin are studied often, little research exists on the relationship between oxytocin and sexual arousal. One study in women found a linear increase in oxytocin with levels peaking after orgasm [32] , and a more recent study has linked oxytocin levels to a well-validated measure of arousal and lubrication, but only in the luteal phase for cycling women and in the last week of pill-taking for women on hormonal contraceptives [33] .
The increase in prolactin caused by exercise is well established [14] . High levels of prolactin, however, have a negative effect on sexual arousal as people with hyperprolactinemia have chronically low levels of sexual arousal and desire [34] . Prolactin increases after orgasm, and is theorized to be an "off switch" for sexual arousal [35] . The contradictory findings that exercise increases not only genital arousal, but also prolactin, which inhibits sexual arousal, are problematic and not well understood. Although prolactin increases after sex and after exercise, plasma levels are still much lower than in people who have hyperprolactinemia [34] . All of the studies on the effects of prolactin on sexual arousal have focused on chronically high levels of prolactin; it is feasible that the level of prolactin secreted immediately after exercise is not sufficient to impair arousal.
In addition to the biological changes that occur in response to exercise, there could be cognitive changes that may contribute to an increase in arousal. The subjective measures that we used in the present study did not reveal any differences between the exercise and no-exercise conditions, but these measures specifically targeted feelings of sexual arousal and mood. There are numerous cognitive factors that could also play a role in increasing arousal. For example, a recent study that manipulated women's awareness of their bodies found that increased body awareness was linked with increased perceptions of arousal [36] . Exercise could also feasibly increase body awareness via increased bodily sensations (e.g., increased heart beat, muscle tension, etc.).
Conclusions
The findings from this study support the notion that exercise enhances physiological sexual arousal in women via increased SNS activation. Evidence for the role of testosterone in exercise-induced sexual arousal was not found. There are a number of additional mechanisms through which exercise could feasibly enhance genital engorgement that were not tested here. These include potential exercise-induced alterations in prolactin, dopamine, NE, serotonin, estrogen, oxytocin, and cortisol.
